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Self-assembly of 1,19-ferrocenedicarboxylic acid in solution was detected by electrospray mass
spectrometry (ESI-MS). The ESI mass spectra showed the acid was self-assembled as a cyclic
tetramer in methanol and acetonitrile, and the tetramer was found to complex more strongly
with the sodium ion than with any other alkali metal ion. The result was supported by
semiempirical molecular orbital calculations, which indicate that the tetramer possesses a
cyclic structure like a pseudo-crown ether, and its internal diameter is consistent with the
diameter of a sodium ion. (J Am Soc Mass Spectrom 1999, 10, 557–560) © 1999 American
Society for Mass Spectrometry
Spontaneous self-association of molecules by aweak interaction, the so-called self-assembling,gives polynuclear complexes of various structures.
Unlike cluster ion formation, the formation of such
assembled superstructures is known to be dependent
on the sample composition but not on the sample
concentration. Recently, electrospray ionization mass
spectrometry (ESI-MS) has been widely used for inves-
tigating the self-assembled structures in solution be-
cause of its soft ionization condition. Langley et al. [1]
showed that the formation of self-assembled super-
structures of squarain dyes can be detected by ESI-MS.
Lehn and co-workers [2–4] demonstrated self-assem-
bling of cylindrical cage complexes by association of
two hexaphenyl–hexaazatriphenylen and three quater-
pyridine ligands surrounding six Cu(I) metals in dichlo-
romethane/acetonitrile. They also reported the self-
assembling of double helicate complexes containing up
to five Cu(I) metals surrounded by two oligo-2,29-
bipyridine ligands and the formation of circular double
helicates of tris-bipyridine ligands with Fe(II) salt. The
X-ray crystallography, NMR, and ESI-MS have been
widely used to study the effects of ligands and anions
on self-assembling processes.
The structure and the energy characteristics from
hydrogen bonding in the self-assembling process have
been well investigated. Lehn et al. [5] studied the
structure of super-molecular ribbons generated by self-
association between the self-complementary nucleotide-
like pyrimidinone and pyrimidinedione. A similar mo-
lecular entity was obtained from pyrimidinetriamine
with solvent participation to give a quadruple hydro-
gen-bonding ribbon, and its crystal structure was deter-
mined by X-ray analysis. Their study provided useful
guidance for the design of organized arrays of the
functional substrates. Pedireddi et al. [6] carried out
some systematic studies on the structures of supramo-
lecular assemblies formed by cyclic coupling involving
both a strong and a weak hydrogen bond. Koyama and
Wakisaka [7] have investigated the molecular self-
assembling cluster formation with acid and base mole-
cules in the mass spectrometer, which was generated
during the adiabatic expansion of a liquid jet.
The dicarboxylic acid 1,19-ferrocenedicarboxylic acid
(Figure 1) interacts with itself by hydrogen bonding.
The free rotation of the two carboxyl groups enhances
the association and a high tendency toward self-assem-
bly is expected. It has been reported that 1,19-ferro-
cenedicarboxylic acid forms a hydrogen-bonded dimer
in crystals [8]. Here, we present evidence from ESI-MS
analysis that 1,19-ferrocenedicarboxylic acid forms a
self-assembled structure in solution.
Experimental
The ESI mass spectra were obtained with a sector-type
mass spectrometer (JEOL-D300) connected to a labora-
tory-made ESI interface. The ESI ion source is described
in detail elsewhere [9]. Briefly, a sample solution is
sprayed at the tip of a needle biased at 3.5 kV higher
than the counterelectrode. The distance between the
needle and the counterelectrode was 1 cm. This coun-
terelectrode was made from a 12-cm long stainless steel
capillary tube. Heated N2 gas (70°C) flowing between
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the needle and the capillary electrode was used to aid
desolvation of the sprayed charged droplets. Ions en-
tered the vacuum system through the first and the
second skimmer cones. The sample solution was in-
fused in a continuous flow at about 2 mL min21 using a
syringe pump. The cone voltage DV was set at 50 V.
ESI mass spectra up to m/z 2000 were obtained with
a Finnigan (San Jose, CA) LCQ ion-trap mass spectrom-
eter. The flow rate of the solution in this case was 3 mL
min21 in the infusion mode.
1,19-Ferrocenedicarboxylic acid (min. 96%, STREAM
CHEMICALS, Newburyport, MA) was purified by
crystallization and dissolved in acetonitrile or metha-
nol. The crystal structure was determined by X-ray
crystallography, which showed the same structure of a
hydrogen-bonded dimer as previously reported [8].
Results and Discussion
Figure 2 shows the positive-mode ESI mass spectrum of
1,19-ferrocenedicarboxylic acid [Fe(Cp-COOH)2]. The
sample was scarcely soluble in acetonitrile, thus a
saturated solution (0.02 mM) with orange color was
used for the ESI-MS analysis. Most peaks appearing in
the spectrum have m/z values higher than the 1,19-
ferrocenedicarboxylic acid monomer, and correspond
to specific multimers up to a tetramer. The sodiated
multimers [nM 1 Na]1 (n 5 1– 4) are dominant in the
ESI spectrum, where M represents Fe(Cp-COOH)2. The
Figure 1. 1,19-Ferrocenedicarboxylic acid.
Figure 2. Positive ESI mass spectrum of 1,19-ferrocenedicarboxy-
lic acid in acetonitrile. The inset shows observed adduct ions
[4M 1 Na]1, [4M 1 NH4]
1, and [4M 1 K]1.
Figure 3. Positive ESI mass spectra of 1,19-ferrocenedicarboxylic
acid in methanol: (a) 0.01 mM and (b) 1.0 mM.
Figure 4. Positive ESI mass spectrum of 1,19-ferrocenedicarboxy-
lic acid in methanol (0.1 mM) with equimolar alkali metal salts
XClO4 (X 5 Li, Na, K, Rb, Cs) (0.02 mM): cone voltage DV 5 (a)
50 and (b) 60 V.
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adduct ions, [nM 1 H]1, [nM 1 NH4]
1, and [nM 1
K]1 (n 5 1– 4) were also observed. It is most interest-
ing that the sodiated tetramer [4M 1 Na]1 is the base
peak, which suggests that the stable form in solution is
a tetramer not a dimer. By addition of 0.5% ammonia to
the acetonitrile solution, it was found that aggregation
of the complex was suppressed, and that the intensity of
the monomeric cation [M 1 Na]1 increased accord-
ingly. Addition of 1% ammonia resulted in no detection
of the multimers, only the sodiated and potassiated
monomers were detected. This suggests that the addi-
tion of ammonia causes proton release from the car-
boxyl groups, and results in dissociation of the self-
assembled superstructures which were formed through
hydrogen bonding. To further confirm the tetramer
formation in solution, the dependence on sample con-
centration in methanol (0.01, 0.1, and 1.0 mM) was
investigated and is shown in Figure 3. These spectra are
almost identical to that obtained in a 0.02 mM solution
in acetonitrile (Figure 2). The sodiated tetramer was the
base peak, and [nM 1 Na]1, [nM 1 K]1 (n 5 1– 4),
and [nM 1 H]1 (n 5 1–3) were also detected. This
observation indicates that the self-assembled species
were independent of the sample concentration.
It is apparent that the sodium ion has the strongest
tendency to complex with the tetramer. To obtain
further structural information on the metal complex of
the tetramer, a 0.1 mM methanolic sample solution
containing 0.02 mM equimolar alkali metal ions (Li1,
Na1, K1, Rb1, Cs1) was analyzed by ESI-MS, and the
result is shown in Figure 4a. The relative peak intensi-
ties for the sodiated complexes are much greater than
those for the complexes with other metals.
The lower oligomers appear to be generated from the
tetramer complex by collision induced dissociation
(CID) between the two cones in the ESI interface,
because the lower oligomers increased with a rapid
decrease of the tetramer when the cone voltage was
changed from DV 5 50 to 60 V (Figure 4b). Therefore,
the formation of the lower oligomers is mainly caused
by the CID process of the tetramer and other higher
oligomers; however, it should be noted that the forma-
tion of the lower oligomers via CID does not preclude
their presence in the solution.
The possibility for the self-assembling to form oli-
gomers higher than a pentamer was examined with an
ion-trap mass spectrometer. The positive ESI spectra of
acetonitrile solutions included a sodiated pentamer
with intensity lower than the tetramer (Figure 5). The
tetramer was more stable than the pentamer in the
ion-trap source. The inset in Figure 5 shows the MS/MS
spectrum of the sodiated tetramer. The tetramer disso-
ciates completely to the trimer and dimer in the MS/MS
spectrum. These lower oligomers are formed from the
Figure 5. Positive ESI mass spectrum of 1,19-ferrocenedicarboxylic acid in acetonitrile using ion-trap
mass spectrometer (Finnigan, LCQ). The inset shows the MS/MS spectrum for [4M 2 2H 1 3Na]1.
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tetramer and in part from the pentamer by CID. The
CID process occurs easily in the ion-trap mass spec-
trometer, because He gas has been introduced into the
ion-trap source for optimum performance.
Two processes may be account for the formation of
the stable sodiated tetramer [4M 1 Na]1 in solution.
The first is the formation of a stable tetramer structure
by 1,19-ferrocenedicarboxylic acid in solution which
undergoes complexation with Na1 like a pseudo-crown
ether. The other is that the Na1 ion acts as a kernel for
the self-assembling to form the stable tetramer complex.
In order to distinguish between the two processes, the
negative ion ESI mass spectrum was obtained (Figure
6). The negative ion spectrum was quite different from
the positive ion spectra; only the monomer [M 2 H]2
and the dimer [2M 2 H]2 ions were observed. This
observation suggests that the stable structure in solu-
tion is not the tetramer but the dimer of the carboxylic
acid as was observed in the crystal; therefore, the
process of tetramer formation appears to be induced by
a Na1 ion kernel.
We therefore propose the structure of the complex as
a sodiated tetramer which is stabilized through the
interaction of a pseudo-crown ether closely bound to a
sodium ion. To obtain further support for the structural
hypothesis, we carried out semiempirical molecular
orbital (MO) calculations with the MOPAC program
[10]. The calculations indicated that the cyclic structure
of a hydrogen-bonded tetramer was much more stable
than a linear structure. The closest distance in the
central cavity of the cyclic structure was 1.65 Å between
the carbonyl oxygen and the hydroxyl oxygen atoms.
This size in the cavity is fairly consistent with the
diameter of a sodium ion 1.90 Å; those of lithium and
potassium ions are 1.20 and 2.66 Å, respectively.
We also measured the ESI mass spectra for other
dicarboxylic acids such as 1,2-benzenedicarboxylic and
1,3-benzenedicarboxylic acid under the same experi-
mental conditions, but those acids showed only mono-
mer ions of [M 1 H]1 and [M 1 Na]1. The reason why
Fe(Cp-COOH)2 self-assembled as the sodiated tetramer
may be due to the fact that two carboxyl groups in the
molecule are free to rotate.
In conclusion, we have shown by ESI-MS that Fe(Cp-
COOH)2 self-assembles to form oligomers in methanol
and acetonitrile solutions. The tetramer is the most
stable form in solution in spite of the fact that the dimer
structure is formed in crystals. The tetramer with a
cyclic structure forms a complex preferentially with
sodium ion rather than the other alkali metal ions. The
complex formation can be explained in terms of size
fitness between the sodium ion and the cavity in the
tetramer complex.
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